Introduction
Incineration has played an important role in solving the problem of scarcity of available land for municipal solid waste (MSW) landfills in Japan. In 1999, approximately 78.1% of all MSW was directly incinerated, and incineration residues accounted for 68% of total landfilled MSW (Japanese White Paper on Environment 2002). In Japan, MSW incinerator (MSWI) fly ash is currently being landfilled after receiving pre-treatments designated by law (Sakai 1996) , while MSWI bottom ash is directly landfilled with no legally required pre-treatments. Recently, the need for pre-treatment of MSWI bottom ash has increased because of its high heavy metal content and the potential for long-term release of these pollutants. However, since about 5 times more MSWI bottom ash is generated by incineration than fly ash (on a weight basis), the pre-treatment method needs to be economically affordable, environmentally effective, and socially acceptable.
Different MSWI pre-treatments have been identified as either effective or economical: water washing is a simple method of pre-treatment, which removes most chlorides,
Sang-Yul Kim Toshihiko Matsuto Nobutoshi Tanaka
This study presents results concerning leaching of Pb, Cd, Ca, and Cl with reference to one individual batch of bottom ash and fly ash (5:1) resulting from a municipal solid waste incinerator (MSWI) in Japan. This ash mixture was stabilised by the following pre-treatments: water washing, carbonation, and phosphate stabilisation. Once the optimum processing condition for each pre-treatment was determined, the performances were evaluated using both pH-stat leaching (pH 6, 9, 12) and availability tests. These performance tests were carried out with only fly ash without considering the mixture of MSWI residues, in order to accurately determine leaching differences among the pre-treatments.
Water washing effectively removed the major elements from MSWI residues and also reduced the leachability of trace metals, such as Pb and Cd. A washing time of 15 minutes with a liquid/solid ratio of 5 was reasonably effective. Carbonation had a significant effect on leachability in alkaline ranges (pH 9 and 12), when the reaction occurred only on the surface of MSWI residues, moreover a moisture content of 10-16.7% was proved suitable for carbonation. On the other hand, phosphate stabilisation, even with small amounts of phosphate (0.16 mol-PO 4 3kg -1 ), was very effective in reducing the leachability of heavy metals.
Evaluation of pre-treatment methods for landfill disposal of residues from municipal solid waste incineration Waste Management & Research leachable salts, and amphoteric heavy metals (Sawachi et al. 1993 , Wang et al. 2001 . Moreover, the leached salts have potential for use as industrial refined salts, alkalis and acids (Horii et al. 1997 ). On the other hand, carbonation is effective in preventing the build-up of Ca in the treatment of landfill leachate (Noma et al. 1998) , it can also reduce the mobility of trace metals in alkaline fly ash (Ecke 2001 , Meima et al. 2001 , Reddy et al. 1994 , Shimaoka et al. 1999 , Seino et al. 1999 . Finally, phosphate stabilisation is reported to be the most effective method for immobilising divalent metals (Crannell et al. 2000 , Eighmy et al. 1997 , Furukawa et al. 1999 .
However, there is little information available that evaluates the optimal conditions for each pre-treatment or compares the mentioned procedures, especially applied to a mixture of bottom ash and fly ash.
This study examined the optimum conditions for the pre-treatments listed above in the processing of a mixture of bottom and fly ash. Each pre-treatment was evaluated using several leaching tests. The results were compared with a chelating method, which is the most commonly used pre-treatment in Japan. This comparison can provide a good criterion for the evaluation of the effectiveness of each pre-treatment.
Materials and methods

Materials
Bottom ash, fly ash and chelating-pre-treated fly ash were obtained from a MSWI in city "S", Japan. This stoker mass-burn incinerator has a processing capacity of 300 tons per day and is equipped with an electric precipitator. The flue gas is treated with an injection of dry Ca(OH) 2 into the gas stream. Chelating agent used in this MSWI facility consists mainly of dithiocarbamate (-NH-CSSH) group, which is widely used in Japan (Tanaka 1995) . After drying at 105˚C, bottom ash was passed through a 1.0 mm sieve. Bottom ash and fly ash were mixed with the weight ratio of 5:1 (based on actual data for landfilled waste in city "S"). This ash mixture is subsequently referred to as "B-F ash". The chemical and physical composition of the bottom ash and fly ash are summarised in Table 1 .
Methods
Optimal pre-treatment conditions Different conditions were tested in order to determine the optimal operative range for each pre-treatment method. Twenty-five grams of B-F ash were placed into three glass flasks containing 62.5, 125, and 250 mL of distilled water to reach an L/S of 2.5, 5 and 10, respectively. The flasks were capped and shaken horizontally at room temperature at 120 oscillations per minute for 15 minutes and 150 minutes. After shaking, liquids and solids were separated by vacuum filtration using a 1-µm glass-fibre filter. The wash water was analysed for the elements of interest. The washed B-F ash was dried at 105˚C and then subjected to the pH 6 stat leaching test. An acrylic column (internal diameter 7.1 cm, height 20 cm) was filled with 400 g of B-F ash to a depth of approximately 10 cm. Then, 10% CO 2 (90% N 2 ) gas was injected into the column from the bottom at a constant flow rate of 1 Lmin -1 for 150 minutes. Initial moisture content (wt%) was set at 5, 10, 16.7 and 20%, on a weight basis. The concentration of CO 2 in outlet gas, CO 2 (out), was measured every 5-10 minutes by GC to monitor CO 2 absorption during the carbonation process. After carbonation, the B-F ash was dried at 105˚C. Finally, Ca leaching and final leachate pH were measured using Japanese leaching test No. 13 (referred to (a)).
(c) Phosphate stabilisation
Fifteen mL of phosphoric acid solution were added to 30 g of B-F ash (L/S 0.5). The ratio of PO 4 3to B-F ash was set to 0.016, 0.16 and 0.32 mol-PO 4 3kg -1 mixed residues. Each dose was mixed for 10 minutes and aged for 15 minutes, 4 hours, and 2 days in the air. Then, the pre-treated B-F ash was dried at 105˚C for the subsequent pH 6 stat leaching test.
Leaching tests
The following tests were conducted to examine the leachability of pre-treated samples versus raw samples. Each leaching test was performed in duplicate. Ten grams of each sample were added to glass flasks containing 100 mL of distilled water, to reach an L/S of 10. The flasks were capped and shaken horizontally for 6 hours at 200 oscillations per minute. After shaking, the leachate was filtered through a glass-fibre filter. The filter pore size specified in Japanese leaching test No. 13 (JLT-13) is 1 µm, but in this case a 0.45-µm membrane filter was used to permit direct comparisons with other leaching test results in this study.
(b) pH-stat leaching test
A pH-stat leaching test was conducted to examine the leachability of elements as a function of pH. Two grams of each sample were placed into glass flasks containing 200 mL of distilled water, to reach an L/S of 100. Acid or base (HNO 3 or NaOH) was added to maintain the pH at 6, 9 and 12 for 2 hours. The leachate was filtered through a 0.45-µm membrane filter.
(c) Availability leaching test NEN 7341 (Netherlands Normalisation Institute 1993) was used to quantify the elemental mass fraction available for leaching.
The sample is extracted twice in succession at a liquid/ solid substance ratio of L/S = 50 Lkg -1 . The procedure consisted of two separate extractions: First, 2 g of the sample were placed into glass flasks containing 100 mL of distilled water (L/S of 50). They were stirred for 3 hours (constant pH 7) and then filtered through a 0.45-µm membrane filter. Another 100 mL of distilled water were added to the remained residue (L/S of 50) and stirred for 3 hours (constant pH 4) and then filtered through a 0.45-µm membrane filter. Each leachate was then mixed, resulting in a cumulative L/S of 100.
Analytical methods
Heavy metals in acidified filtrates (<pH2) were analysed by GF-AAS (Hitachi Z-8200) or flame AAS (Hitachi 170-50A). The oxide composition was determined from total X-ray fluorescence (Horiba MESA-500). The concentrations of Cl and CO 2 gas were determined by ion chromatography (TOSOH CM-8) and gas chromatography (GC-TCD Hitachi 164), respectively. The pH values were reported to the nearest 0.01 unit (Horiba B212).
Results and discussion
Optimal pre-treatment conditions
The effect of washing times and L/S ratios for water washing Table 2 shows the amounts of elements that leached from the raw B-F ash as a function of washing times and L/S ratios. Removal rates were calculated as the ratio of the leached amount in the wash water to the total amounts of each element in the ash (Table 1 ). The percentages of each element that washed out of the raw B-F ash were: 67-77.4% of Cl, 0.06-0.33% of Pb, 0.03-0.05% of Ca and nearly 0% of Cd. Less Pb and Ca were leached with a washing time of 150 minutes than with 15 minutes, suggesting that precipitation and/or adsorption may occur during the longer washing time (150 minutes). The amounts of Pb and Ca leached increased with L/S ratio. Contrarily, the amount of leached Cl, a readily soluble constituent, remained nearly the same, regardless of washing time and L/S ratio. The leached fraction of Cd was less than 0.01% under all conditions, likely due to the very low leachability of Cd in highly alkaline solutions.
For the washed B-F ash, pH 6 stat leaching tests were conducted. This pH value was selected because the leachate pH in a landfill of alkaline MSWI residues is unlikely to decrease below 6 over a long-term period, due to the strong buffering capacity of MSWI residues (Belevi et al. 1992 , Ecke 2001 , Giampaolo et al. 2002 , Johnson et al. 2002 . The pH 6 stat leaching test results of washed B-F ash are presented in Table 3 , showing the leaching of Pb, Cd, Ca and Cl as a function of the washing time and L/S ratio. For comparison, the pH 6 stat leaching test results of raw B-F ash are included. Treatment efficiency was defined as follows:
where BF raw = the leaching concentration from raw B-F ash in the pH 6 stat leaching test (mgL -1 ) and BF treated = the leaching concentration from treated B-F ash in the pH 6 stat leaching test (mgL -1 ). Leaching of Cl, Pb, Cd, and Ca from washed B-F ash was reduced by 81.3-84.9%, 37.5-60.4%, 14.4-36.2% and 16.3-28.6% respectively, compared with leaching from raw B-F ash. This suggests that water washing not only affects removal of the major elements, but also reduces the leachability of trace metals such as Pb and Cd. The significant removal of Cl by water washing may reduce the leachability of Pb and Cd, since it is well known that Cl in water increases the solubility of Pb by the formation of the Cl complexes of Pb (Cernuschi et al. 1990 ). The most efficient treatment for Pb, Cd and Ca was with a washing time of 15 minutes and L/S of 10, although other processing conditions had similar efficiencies. Considering the cost of subsequent leachate treatment, an L/S of 5 is adequate for metal reduction in comparison to an L/S of 10.
Effect of the moisture content on carbonation Fig. 1 shows the concentration of CO 2 released as a function of the carbonation time. In this study, 10% CO 2 gas Concentration in leachate (mg/L) = a amount leached (mg/kg)/(L/S-ratio), b SD: standard deviation (n=2), c Removal = leached content in water (mg/g) /(total content (mg/g)) × 100, d ND stands for not detectable.
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was used, considered the average CO 2 concentration of flue gas generated by MSWI in Japan (Tanikawa et al. 2001) . Regardless of moisture content, the concentration of CO 2 released increased exponentially with time and levelled out at around 9%. The amount of CO 2 absorbed by B-F ash was about 0.4-0.6 mmol CO 2 g -1 dry B-F ash for 150 minutes. The Ca content of B-F ash in this study was about 2.5 mmol Cag -1 dry B-F ash, which is equivalent to 1.5 mmol CaO g -1 dry B-F ash, considering that 60% of the total Ca content exists as CaO (Hanashima et al. 1992) .
This means that only one-third of CaO and/or Ca(OH) 2 in the B-F ash reacted with CO 2 , indicating that neutralisation with CO 2 may have occurred on the surface but not in the centre matrix of the B-F ash. On the other hand, results of the JLT-13 tests for the treated ashes showed that the final leachate pH and leached Ca levels were almost the same in all samples. The pH ranged from 10.5-10.9, and leached Ca levels were 510-570 mgL -1 , suggesting that moisture content does not have a significant effect on carbonation of alkaline MSWI residues. However, at 20% moisture content CO 2 adsorption was initially slow and unstable, suggesting that a higher moisture content may have inhibited CO 2 gas from passing through the Caenriched B-F ash. It has been reported that carbonation does not occur without moisture (Miyawaki et al. 1995) . For the reasons mentioned above, 10-16.7% moisture content is suitable for carbonation methods.
The effect of PO 4 3concentration and aging time on phosphate stabilisation Table 4 shows the results of the pH 6 stat leaching tests.
With the exception of Cl, leaching of elements from pretreated B-F ash decreased with increased dose of PO 4 3-Significant reduction for Pb, 90-91%, was observed in 0.16 mol-PO 4 3kg -1 B-F ash, implying that insoluble phosphate metals such as Pb 5 (PO 4 ) 3 Cl may be formed. This value is much lower than the 0.38 mol-PO 4 3for 1 kg of bottom ash reported by Crannell et al. (2000) or 1.2 mol-PO 4 3for 1 kg of dry scrubber residue reported by Eighmy et al. (1997) . Aging time had little effect on the leachability of Pb, although the leaching of Cd and Ca tended to decrease slightly with aging time. As mentioned above, no significant difference in Cl leaching was observed between pretreated B-F ash and raw B-F ash. Based on these results, a dosage of 0.16 mol-PO 4 3kg -1 and a relatively short aging time (15 minutes) seem to be appropriate conditions for making insoluble metal phosphates.
Leaching concentration for JLT-13
The results of the JLT-13 tests are shown in Table 5 . Because of high pH, high concentrations of Pb were leached from bottom ash as well as from fly ash. Based on the optimal processing condition results, B-F ash was pre-treated with an L/S of 5 and a washing time of 15 minutes for water washing, 16.7% moisture content and 150 minutes of contact time for carbonation, and 0.16 mol-PO 4 3kg -1 mixed residues and 15 minutes of aging time for phosphate treatment.
The leachability of Ca from all pre-treated B-F ash was reduced compared with that from raw B-F ash. This reduction was likely due to the wash-out of soluble CaCl 2 and Ca(OH) 2 by water washing, and the formation of less soluble components such as CaCO 3 and Ca 5 (PO 4 ) 3 Cl by the carbonation process and by phosphate treatment, respectively. However, Ca reduction of chelating pre-treated fly ash was relatively small compared to that of untreated fly ash. All of the pre-treated materials, except the water-washed material, met Japanese standards for waste disposal of Pb (0.3 mgL -1 ). However, it is difficult to assess the performance of each pretreatment method, due to differences in final pH. In fact, the pH of solution is known to be a major factor influencing the leachability of most metals (Stegemann et al. 1995) . For better comparisons, treatment performances must be evaluated at the same pH.
Leaching behaviour of pre-treated fly ash
To compare pre-treatment methods, MSWI fly ash was used rather than a mixture of bottom and fly ash, because fly ash contains larger quantities of heavy metals and Cl than bottom ash. Conditions for water washing, carbonation and phosphate stabilisation were the same as those described for B-F ash in the JLT-13 test. Fig. 2 shows the leaching of Pb, Cd, Ca and Cl from each pre-treated fly ash for both the pH stat test and the availability test. Fly ash pre-treated by a chelating agent, the method most commonly used to stabilize fly ash in Japan, was also examined for comparison. In comparison with the other treatments, phosphate stabilisation had the greatest effect on Pb, under both acidic and alkaline conditions. Water washing effectively reduced Pb leachability over the entire pH range, which seemed to be strongly related to the significant reduction of Cl. Carbonation was effective in reducing Pb leaching at pH 12. However, as pH decreased, lead releases almost equaled that of untreated fly ash, because PbCO 3 and CaCO 3 precipitates formed by the carbonation process started to dissolve. The effect of the chelating treatment was observed in alkaline conditions (pH 9 and 12), but the leaching of Pb in chelating-preteated fly ash was similar to that of Pb in untreated fly ash in acidic conditions (pH 4 and 6), implying that insoluble chelating complexes with Pb seemed to break up in acidic conditions. These leaching phenomena of chelating-pre-treated fly ash in acidic conditions corresponded to the results obtained in column tests by Sakanakura (1999) .
Carbonation treatment significantly reduced the leachability of Ca in alkaline ranges (pH 9 and 12), suggesting that concentrations of dissolved Ca might be controlled by the solubility of CaCO 3 formed around the fly ash. However, for pH levels below 6 the results were not clearly different from those for untreated fly ash, due to the dissolution under acidic conditions of CaCO 3 formed on the surface of the fly ash. This suggests that, at pH levels above 6, carbonation reduces the leaching of Ca, thereby preventing clogging of the leachate collection and treatment systems of landfills. Water washing and phosphate stabilisation also reduced Ca leachability, although the effects decreased as pH decreased. Chelating treatments had a negative effect on leachability over the entire pH range, except for pH 12, implying that chelating agent (dithiocarbamate (-NH-CSSH) group) seemed to have little effect on immobilisation of Ca, particularly in acidic and neutral pH conditions. All four pre-treatment methods significantly reduced leachability of Cd at pH 12. In addition, phosphate stabilisation greatly reduced Cd leaching at pH 9, but did not have a significantly stronger effect than the other pretreatments at pH levels below 6.
Cl, a soluble salt, was significantly reduced by water washing, but was little affected by the other pre-treatments.
Conclusions
This study examined the optimum processing conditions for water washing, carbonation and phosphate stabilisation of B-F ash and evaluated the performance of each pretreatment method by using fly ash in three kinds of batch leaching tests. Results were compared with those of a chelating method. The major findings of this study are summarised here.
Water washing is effective not only for removing the major elements from the ash, but also for reducing the leachability of trace metals such as Pb and Cd. However, to avoid precipitates and/or adsorption, washing time should not be too long. This method fails to meet Japanese standards for waste disposal of Pb (0.3 mg/L).
Carbonation reduces the leachability of trace metals, particularly Ca, in alkaline ranges. This effect on Ca was found to be due to carbonation on the ash surface, considering the mole ratios of CO 2 absorbed by B-F ash in comparison to the CaO and/or Ca(OH) 2 content of B-F ash. A moisture content of 10-16.7% is suitable for carbonation, although moisture content has little effect on carbonation unless the ash is dry. Carbonation may be a promising method for stabilising metals in MSWI residues, provided that the leachate pH does not decrease below 6.
Phosphate stabilisation has an excellent effect, reducing the leachability of heavy metals over the entire pH range, particularly for Pb. A dose of 0.16 mol-PO 4 3kg -1 sample is sufficient. Aging time has little effect on the release of metals.
